Day/Night Band (DNB) earth sensing and meteorological systems like the Defense Meteorological Satellite Program (DMSP) Operational Line Scanner (OLS) provide visible wavelength imagery 24 hours a day that is used primarily for cloud imaging in support of weather forecasting. This paper describes a compact push broom imager that meets low light imaging requirements for DMSP OLS and the NOAA/NASA Joint Polar Satellite System (JPSS) as documented in the Integrated Operational Requirements Document (IORD). This paper describes the imager design, including system level concepts of operation for data collection, radiometric and spatial calibration, and data transmission to Earth. This small, lightweight imager complies with the low mass, low power CubeSat standard, and could be built into a variety of different satellites, for example, as a payload on Iridium NEXT, DMSP, or the International Space Station (ISS). Depending on power generation capabilities, the imager could be implemented as a free flyer in formation with other CubeSats or as a free flyer operating on its own. The imager's volume will fill about half of a 3U CubeSat; roughly measuring 170x80x80 mm 3 and having mass less than 1.5 kg. Considering an estimated 3U CubeSat average core avionic power usage of 0.8W and total orbit average power of 4W, the available average power for the payload imager is 3.2W.
INTRODUCTION
The Day/Night Band Imager for a CubeSat was initially realized by Dr. Jeffery Puschell, the Raytheon Professor of Practice at California Polytechnic State University, San Luis Obispo (Cal Poly), to be a low and high light level sensor for either a small satellite or an unmanned aerial vehicle (UAV). Cal Poly's experience with CubeSat development led to the decision of implementing this sensor within the CubeSat form factor since a CubeSat could support many of the design specifications of the DNB Imager and adds benefits such as availability of launch opportunities. This paper describes the requirements, specifications, and design of the DNB Imager for a CubeSat during the first phase of the project. The second phase of the design will include the implementation and testing of a suitable lab demonstration of the imaging system designed in the first phase.
CubeSats at Cal Poly
The CubeSat specification 1 was developed by Dr. Jordi Puig-Suari of Cal Poly and Bob Twiggs of Stanford University's Space Systems Development Lab in 1999 as an educational platform for students to learn the end-to-end process of satellite development. Over the past thirteen years, the CubeSat community has expanded across universities, corporations, and government programs around the world. One of the reasons for CubeSat's success in the USA came from the availability of CubeSat rides to orbit provided by the NASA and Launch Services program called Educational Launch for Nanosatellites (ELaNa). Cal Poly provides the deployment mechanism called the Poly-Picosatellite Orbital Deployer (PPOD), which enables ELaNa to deploy CubeSats as secondary payloads on any available launch vehicle. The CubeSat design team at Cal Poly, called PolySat, have produced and launched five CubeSats, of which three have successfully reached orbit and carried out their respective missions. PolySat currently manages six CubeSat projects, which are at various stages of development between design and operations, in addition to the DNB Imager for a CubeSat project.
Current Day/Night Band Imaging Technology
The Visible Infrared Imaging Radiometer Suite (VIIRS) on the Soumi National Polar-orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (NPP) meets the requirements for the JPSS mission 2 and implements a DNB imager as one of its twenty-two spectral bands. Performance characteristics of the VIIRS DNB imager 3 provided the projected performance characteristics of the DNB Imager for a CubeSat. By making these specifications, the DNB Imager for a CubeSat project does not require additional research to determine minimum performance parameters that would enable a useful imager for weather imaging applications.
Goal and Scope of the Day/Night Band Imager for a CubeSat Project
This first phase of the DNB Imager for a CubeSat project to demonstrate the initial design of the system occurred between September 2011 and July 2012, and started with specifications for a telescope. The volume and aperture size constraints due to the CubeSat form factor limited the diameter and length of the telescope. These constraints combined with the need for the.the system to be diffraction limited at the longest DNB wavelength dictated many of the required focal plane array specifications, as decscribed below. This paper describes optimal specifications for the imager along with plans for radiometric and spatial calibration and data handling and transmission.
REQUIREMENTS AND SPECIFICATIONS
The DNB Imager for a CubeSat fulfills the following specifications, shown in Figure 1 , in order to serve as an effective DNB imager for the stated applications of earth sensing and meteorological missions. Primarily, the goal is to meet comparable imaging performance characteristics to the VIIRS DNB imager 3 as well as adding features for improvement, while complying with the CubeSat specification 1 . While details can be found in the referenced CubeSat specification document, the constraints of interest for this design are the volume and mass limits of a triple CubeSat: 10 cm x 10 cm x 34.05 cm volume and no greater than 4.0 kg mass. 
CONCEPTUAL DESIGN
The system architecture comprises of a refractive lens with a linear CCD focal plane array designed with two gain stages: one high gain stage with Time Delay Integration (TDI) and another low gain stage with neutral density (ND) filtering in order to meet the SNR requirements. To decrease the number of TDI stages and amount of ND filtering, it is assumed that the CCD has the capability to support independent integration times between the high and low gain stages.
Included Angle
The included angle, φ, of the earth that the DNB imager samples is calculated as follows given the half field of view angle, 56°, which corresponds to 112° full field of view. Calculations for the swath width, detector array length, and the Ground Sample Distance (GSD) use this included angle.
Swath Width
The swath width of the DNB imager is the distance on the earth's surface that is captured for each frame as defined by the included angle, φ.
Horizontal Sampling Interval
The horizontal sampling interval is driven by the cross track spatial resolution requirement at the edge of view, GSD e (56°), which is translated to a corresponding cross track spatial resolution at nadir, GSD(0°). Since the instantaneous field of view (IFOV) is constant for all pixels on the focal plane, the spatial resolution at nadir will be better than at the swath edge. The horizontal sampling rate is matched to the spatial resolution requirement for the swath edge assuming an altitude of 833 km.
( )
The IFOV can now be calculated using values at nadir.
Detector Array
Now the number of detector elements and the physical length of the detector can be calculated from the total field of view, FOV, and the IFOV.
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Lens Specifications
The basic lens specifications are the focal length and aperture size. Due to the limited volume of the CubeSat and large field of view, the aperture will be assumed to be 7 mm. The focal length is determined from the altitude, detector pitch, and the horizontal sampling interval. Consequently, the f/# is specified.
(15)
Airy Disk Diameter
The radius of the airy disk, R Airy Disk , shows the limiting resolution by the optics, which is calculated for the longest wavelength in the DNB of 900 mm to show the largest airy disk. Since the R Airy Disk is less than the detector pitch of 8 µm, it is not limiting the system.
Maximum Integration Time
The maximum integration time, t int, max , of the sensor can be calculated given a known altitude of the imager. The ground speed of an object in orbit at this altitude can be calculated with the standard gravitational constant of earth, µ = 398600435600000 m 2 s The maximum integration time, t int, max , can then be calculated from the horizontal sampling interval and ground speed. 
Signal to Noise Ratio
Next, the SNR is calculated to show comparable image quality to the VIIRS DNB. The etendue, or AΩ product, must be calculated first for the subsequent calculation of the number of signal power electrons, where A is the source area and Ω is the solid angle subtended at the source. An entrance aperture again is assumed to be 7 mm.
The maximum number of signal generated photo-electrons at the minimum radiance level, n pe, min , is calculated from the etendue, the specified minimum scene radiance (Lmin), the spectral width, the maximum integration time, t int, max , an assumed quantization efficiency (QE) of the sensor of 50%, and the energy of the incident light (at the median wavelength of 700 nm).
(27)
The full well capacity, n full well , of each pixel in the CCD is assumed to be 200 ke -, which is comparable with current technology. Also, the number of A/D bits is assumed to be 14, in accordance with high performance CCD technology, for each gain stage. This drives the number of electrons generated by quantization noise, n q . The number of electrons generated by readout noise and the dark current (n read noise & i_dark ) will be estimated to be 200 e -rms. Similar to the VIIRS DNB, TDI will be used to increase the SNR for the high gain stage. Since the SNR at minimum scene radiance and swath edge is a known and desired performance parameter, the required number of TDI stages, N TDI , will be solved with the maximum number of signal generated photoelectrons at the minimum radiance level, n pe, min . In order to increase the dynamic range of the sensor, a separate single row of pixels captures high radiance input light at a faster integration time than the high gain stage. An assumed typical minimum integration time, t int, min , of 0.1 ms is used for this calculation. The number of electrons, n pe, max , generated from the maximum input radiance, Lmax, must be within the full well capacity, n full well .
(33) (34) This value of maximum electrons, n pe, max , exceeds the full well capacity. One approach for avoiding saturation of the electron well is to reduce the integration time by roughly a factor of two. To maintain efficient datas collection, the FPA frame rate would also have to be increased by a factor of two simultaneously. Another approach is to apply neutral density filtering to this low gain stage in order to meet the input radiance requirement without saturating the detectors. An example calculation is shown for the optical density, OD, necessary for the assumed full well capacity of 200,000 e -.
(35)
(37)
RESULTS
The specifications listed in Figure 2 summarize the results defining the necessary parameters of a lens suitable for the DNB imager for a CubeSat. These results were driven by specifications listed in Figure 1 to meet imaging performance similar to the VIIRS DNB imager and to comply with the volume and mass constraints of the CubeSat form factor. Similarly, the specifications in Figure 3 summarize the calculations' results defining the necessary parameters for a focal plane that is compatible with the lens design for the DNB imager for a CubeSat. The primary design constraints were driven by the resulting lens design parameters and assumed values for detector pitch, full well capacity, number of A/D bits, read noise, dark current noise, quantum efficiency, and minimum integration time that is consistent with current high performance CCD products. Radiometric calibration can be performed in multiple ways, but an example approach would be to use the sun and the moon as radiometric reference points. Spatial calibration can also be performed in multiple ways, but the easiest way would be to use earth based landmarks as reference points. There are many other approaches to radiometric and spatial calibration that can be applied to this system. Data handling and transmission would need to be nearly constant in order to receive all of the imaging data without overflowing the data buffer on the CubeSat. With the 14 bit A/D, 4274 detector elements in width, 2 TDI stages, 6.6 km/s ground speed, and 742 GSD, the data transmission rate for the uncompressed data would need to be at least 1.1 Mbps.
CONCLUSION
These results demonstrate that the DNB imager can feasibly be realized on a nanosatellite conforming to the CubeSat standard. Although the design requires customized lens and focal plane development, this is common practice for most high performance earth remote sensing satellites and should be expected in order to maximize performance. Since most of these calculations were based on theoretical and assumed values, the next step for this project is to acquire hardware, predict performance with a physical lens and CCD, and show reasonable performance of a laboratory based system. In final consideration, the design presented here does not introduce any radical new developments, but rather a new technology applicable to earth remote sensing missions, proposing a new approach to the future of earth remote sensing mission design.
